Introduction {#j_jvetres-2018-0026_s_001}
============

Mycotoxins are low molecular weight secondary metabolites of fungi of different genera, *e.g. Aspergillus, Alternaria, Fusarium* and *Penicillium*. Mycotoxin production can occur under favourable conditions of humidity, temperature, and level of oxygen in the field, during harvesting, or post-harvesting during transport or storage. The presence of toxic metabolites in an animal diet may cause many serious health conditions such as teratogenesis, carcinogenesis, kidney and liver damage, or immune system suppression. The toxic effects differ by animal species and depend on many factors, but chronic exposure may lead to toxicity even at low levels ([@j_jvetres-2018-0026_ref_012]). Although currently there are about 100,000 formally described fungi species, only a limited number of them exhibit toxicological effects in humans and animals, and are subject to legal regulation ([@j_jvetres-2018-0026_ref_020]). At present, there are regulations for the presence of 8 mycotoxins in feed (aflatoxin B1, fumonisins B1 and B2, ochratoxin, zearalenone, T-2 and HT-2 toxins, and deoxynivalenol) ([@j_jvetres-2018-0026_ref_005], [@j_jvetres-2018-0026_ref_007], [@j_jvetres-2018-0026_ref_009], [@j_jvetres-2018-0026_ref_016]). In terms of the present study a very important regulation is 1881/2006 ([@j_jvetres-2018-0026_ref_008]) for the presence of aflatoxin M1 in milk and milk products (0.05 μg/kg), infant formulae, and dietary foods for special medical purposes and intended specifically for infants (0.025 μg/kg). For many other mycotoxins setting toxicological thresholds is not possible due to the lack of data on occurrence and hence exposure ([@j_jvetres-2018-0026_ref_004]). Additionally, full evaluation of toxic effect is not possible due to the co-occurrence of mycotoxins and mycotoxin co-occurrence with other metabolites of bacterial or plant origin, *e.g* ergot alkaloids or lolitrem B. These alkaloids may also cause toxic effects in animals, resulting in a reduction of body weight, increased temperature, impaired reproduction and milk production, and decreased blood flow ([@j_jvetres-2018-0026_ref_017]). Their presence is also associated with fescue toxicosis, a disease occurring in sheep and cattle causing gangrene, swelling of the limbs, or hyperthermia.

Although many experiments have been conducted to study the carry-over of mycotoxins/metabolites from different feed matrices to ruminant milk, the studies were performed using levels well above the set maximum limits ([@j_jvetres-2018-0026_ref_022]). Additionally, in nature, the animals are exposed to intake of a "cocktail" of different contaminants, coming from their varied diet. There are still data gaps for the proper evaluation of mycotoxin or metabolites transfer from diet to animal milk, and consequently for the evaluation of consumer exposure to low levels of natural toxins. Although the European Commission recommends their member states to survey for multi-contaminant presence so that co-occurrence can be assessed, only a few studies have been conducted to study the co-occurrence of mycotoxins. Their synergistic, antagonistic, and additive inhibitory effects are still unknown. With proper multi-residue analytical methods these effects could be studied and better risk assessment could be made. For now, aflatoxin M1 remains the most studied mycotoxin in milk, with only a few studies focused on other mycotoxins ([@j_jvetres-2018-0026_ref_012]).

The study described in this paper was designed to define the potential risk to consumers in local products from the Polish Bieszczady Mountains made from unprocessed sheep milk contaminated with mycotoxins. There are several reasons why this study focuses on sheep milk. First, the history of shepherdry in Poland goes back to the 11^th^ century, and pasturing and sheep milk processing were the main occupations of highlanders ([@j_jvetres-2018-0026_ref_018]). Traditional pasturing practice also requires the manufacturing of traditional sheep milk products according to long-established techniques ([@j_jvetres-2018-0026_ref_013]). Among the products, a cheese called "oscypek" is the best known example of regional food in Poland. Additionally, oscypek cheese represents high economic value, constituting the basis of a large and diversified production and retail sector. It is important that the cheese is handmade from non-pasteurised milk in premises on the mountain according to the recipe passed on from generation to generation in an unwritten form, which makes the final product unique to each shepherd who makes it ([@j_jvetres-2018-0026_ref_014]). Nowadays oscypek is a popular tourist souvenir. Another reason to conduct the study is that the possible level of contamination of sheep milk in Poland with such a wide range of analytes has not been studied so far.

Material and Methods {#j_jvetres-2018-0026_s_002}
====================

**Sampling of sheep milk** A total of 20 randomly selected ewes in two different flocks of sheep (\~50 animals) were milked for samples (10 samples per flock). The animals were kept in the Bieszczady Mountains in Southeastern Poland [(Fig. 1](#j_jvetres-2018-0026_fig_001){ref-type="fig"}). The sampling began on the first day of animal grazing, in April. Samples (50 ml) were immediately frozen at −18°C and sent to the Reference Laboratory for Mycotoxin Analysis, National Veterinary Research Institute (NVRI), Pulawy, Poland to be tested. They were stored for a maximum of two weeks before submission for analysis.

![Geographical location of the sheep flocks selected for the analysis](jvetres-62-167-g001){#j_jvetres-2018-0026_fig_001}

**Chemicals and reagents** Acetonitrile (ACN), HPLC grade methanol (MeOH) (99.5%), and acetic acid were provided by J.T. Baker (USA). Ammonium acetate (LC/MS grade) and chloroform were supplied by Sigma-Aldrich (Germany). Water was purified through a Milli-Q plus system from Millipore (USA). A working standard solution of bacterial, fungal, and plant metabolites was obtained as a gift from the research group of IFA-Tulln, stored at −18°C, and used for the preparation of calibration curves and spiking experiments. Standards of fumonisins B1 and B2 and aflatoxins M1 (AFL M1) and M1 U-^13^C^17^ (AFL M1-IS) were obtained from Sigma-Aldrich (Germany). The stock solutions of fumonisins were prepared in a 50% solution of ACN in H^2^O while stock solutions of AFL M1 and AFL M1-IS were prepared in chloroform and stored at −18°C prior to analysis.

**Sample preparation** Sample pretreatment procedure for the multi-content analysis was adopted from Malachova *et al* ([@j_jvetres-2018-0026_ref_019]). Briefly, 5.0 mL of milk sample was weighed into a 50 mL Falcon plastic tube and 20 mL of extraction solvent (acetonitrile/water/acetic acid 79:20:1, v/v/v) was added. The samples were extracted for 90 min using a vertical shaker (200 cycles/min) and subsequently centrifuged (3,500 rpm, 5 min). Afterwards, 500 μL of the extracts were transferred into glass vials and diluted with the same volume of dilution solvent (acetonitrile/water/acetic acid 20:79:1, v/v/v). After vortexing, 5 μL of the diluted extracts were injected into the LC--MS/MS system without further pretreatment.

For the screening of the samples for AFL M1 contamination, 25 mL of milk sample was centrifuged (3,500 rpm, 15 min) and the upper layer of fat was discarded. A further 10 μL of AFL M1-IS was added, samples were vortexed, and 25 mL of acetonitrile and ready Q-sep QuEChERS Extraction Salts (Agilent, USA) were added for extraction. Samples were vortexed for 2 min, centrifuged (3,500 rpm, 15 min) and the organic layer was transferred to a fresh conical flask for rotary evaporation (40 ± 5°C). The dry residues were reconstituted with 10 mL of 20% methanol and loaded into Afla M1 HPLC immunoaffinity columns (Vicam, USA). The columns were rinsed with 10 mL of water, dried, and the analyte was eluted with 2 and 1 mL of acetonitrile subsequently. Extracts were evaporated under a gentle stream of nitrogen at 40 ± 5°C, the dry residues were reconstituted with 120 μL of mobile phase A and 120 μL of mobile phase B, and 5 μL was injected into the LC--MS/MS system for analysis.

**Spiking experiments and preparation of calibration curves** For the spiking experiments for multi-content analysis the sample preparation procedure was miniaturised in order to decrease the amount of standards needed. An amount of 0.25 mg of milk sample was weighed into glass vials and evaporated to dryness. A further 100 μL of working standard solution was added and samples were extracted using 900 μL of extraction solvent. After the extraction, the samples were vortexed and 500 μL of the extracts was diluted with the same volume of dilution solvent. An external calibration curve was prepared by dilution of appropriate amounts of the final working solution with acetonitrile/water/acetic acid (49.5/49.5/1, v/v/v) at levels corresponding to 3, 10, 30, and 100-fold dilution of the fortification level (given in ([Table 1](#j_jvetres-2018-0026_tab_001){ref-type="table"}) plus two points at 3 and 10 times the fortification level to ensure that all spiking levels fell into the calibration range.

For the analysis of AFL M1 a four-point matrix-matched calibration curve was prepared at the levels corresponding to 0, 0.5, 1, and 2 spiking level sets as 50 ng/kg. The sample fortified at the level of 50 ng/kg was prepared in two replicates to ensure the internal quality control.

**Instrumental parameters** The LC-MS/MS system for the analysis of \~700 bacterial, fungal, and plant metabolites consisted of an Agilent 1200 series liquid chromatograph (Agilent Technologies, Germany) and a QTRAP 5500 triple quadrupole mass analyser (Sciex, Canada) controlled by Analyst 1.6.2 software (Sciex). Analytes were separated using a Gemini C^18^-column, 150 × 4.6 mm i.d., 5 μm particle size, operated at 25°C, and equipped with a security guard cartridge of the same material (Phenomenex, USA). Elution was carried out in a gradient mode with the flow rate set as 1,000 μL/min. using a mobile phase consisting of methanol/water/acetic acid 10:89:1 (v/v/v; eluent A) and 97:2:1 (v/v/v; eluent B), both containing 5 mM of ammonium acetate. ESI-MS/MS was performed in the scheduled selected reaction monitoring (sSRM) mode both in positive (ESI^+^) and negative (ESI^-^) polarities in two separate chromatographic runs. This method was transferred from the Department of Agrobiotechnology, Tulln, Austria (IFA-Tulln) to the NVRI, Pulawy, Poland, in order to conduct this study.

For the analysis of AFL M1, a Nexera X2 system was used coupled with LCMS-8050 triple quadrupole mass spectrometer (Shimadzu, Japan) equipped with an electrospray operated in positive (ESI^+^) mode and controlled by LabSolution software (Shimadzu). Chromatographic separation was performed on a Kinetex BiPhenyl column, 100 × 2.1 mm i.d., 2.6 μm particle size coupled with a BiPhenyl security guard cartridge (Phenomenex, USA). The column oven temperature was set at 40°C. The separation was performed using a gradient elution of the mobile phase consisting of 1 mM of ammonium acetate and 0.1% of acetic acid/MeOH 95:5 (v/v; eluent A) and of 1 mM ammonium acetate and 0.1% of acetic acid/MeOH 5:95 (v/v; eluent B).

**Data evaluation** MultiQuant™ 2.0.2 software (Sciex, USA) and LabSolution were used for the peak integration and preparation of linear 1/x weighted calibration curves obtained from the analysis of neat solvents and spiked samples to evaluate the linearity of the method.

The qualitative analysis was performed by comparing the peak retention time in the chromatogram of the analysed sample with the peak retention times in the chromatograms of the samples of the calibration curve and the spiked sample. Limits of detection and quantification were calculated based on a signal-to-noise ratio of blank samples (LOD S/N = 3, LOQ S/N = 6).

Results {#j_jvetres-2018-0026_s_003}
=======

The results indicated that samples were contaminated with one fungal metabolite, Enniatin B, at a relatively low level of 0.0121 μg/kg or below ([Table 1](#j_jvetres-2018-0026_tab_001){ref-type="table"}), and no other fungi, plant, or bacterial metabolites were found. A statistical presentation of Enniatin B detected in raw sheep milk on the first day of pasturing is made in [Fig. 2](#j_jvetres-2018-0026_fig_002){ref-type="fig"}

###### 

Individual concentrations of Enniatin B (μg/kg) detected in two tested flocks

              Flock 1   Flock 2
  ----------- --------- ------------------------------------------------------------------
  Sample 1    0.0085    \-[^\*^](#j_jvetres-2018-0026_fn_001){ref-type="table-fn"}
  Sample 2    0.0074    0.0095
  Sample 3    0.0079    0.0063
  Sample 4    0.0082    0.0055
  Sample 5    0.0067    0.0058
  Sample 6    0.0075    \-[^\*^](#j_jvetres-2018-0026_fn_001){ref-type="table-fn"}
  Sample 7    0.0085    0.0102
  Sample 8    0.0074    \< LOQ[^\*\*^](#j_jvetres-2018-0026_fn_003){ref-type="table-fn"}
  Sample 9    0.0078    0.0066
  Sample 10   0.0077    0.0121

not detected above the limit of detection (LOD)

detected between the LOD and level of quantification (LOQ)

![Statistical presentation of detected concentrations of analytes](jvetres-62-167-g002){#j_jvetres-2018-0026_fig_002}

Discussion {#j_jvetres-2018-0026_s_004}
==========

**Method transfer** In the field of multi-contaminant analysis there is a tendency towards analytical methods using liquid chromatography mass spectrometry with a simple and cheap sample preparation step ([@j_jvetres-2018-0026_ref_019]). A multi-residue, easy, and reliable analytical method for the simultaneous determination of bacterial, fungal, and plant metabolites was therefore successfully transferred from the Department of Agrobiotechnology (IFA-Tulln), in Tulln, Austria, to the NVRI in Pulawy, Poland. After adjusting the method for different equipment its performance characteristics were calculated and the method was used to screen the milk samples.

A transfer of the acquisition method from the QTrap 5500 Sciex instrument from IFA-Tulln to an equivalent instrument at the NVRI was the first step of the study. It was a method developed by Malachova *et al* ([@j_jvetres-2018-0026_ref_019]) which was extended to a wide range of additional bacterial, fungal, and plant metabolites ([@j_jvetres-2018-0026_ref_024]).

The sample preparation procedure was kept largely as devised at IFA. The only difference was that after the extraction milk samples were centrifuged for 5 min at 3,500 rpm instead of being left for gravitational settlement for 5 min.

**Determination of method performance characteristics** As the multi-residue method used for examination of possible sheep milk contamination with naturally occurring toxins was not previously used for this purpose, there were no validation parameters available (currently the method is validated for \~500 analytes in figs, maize, and nuts, data unpublished). To set the method's LOD, LOQ, and apparent recoveries (R^A^, %) as needed for result interpretation and correction, three spiked sheep milk samples were subjected to analysis in order to conduct the mini survey. The samples were spiked with the working standard mix containing \~700 analytes and the method parameters were calculated for the analytes of interest. We decided to spike only three samples due to the limited amount of standard and its high cost. The full validation of the method was not the aim of the study.

The procedure used for the determination of AFL M1 content in milk was adopted from the National Control Programme for Poland, conducted at the NVRI, Pulawy, Poland. The full validation had already been performed according to the Commission Decision 2002/657/EC ([@j_jvetres-2018-0026_ref_006]) and the method characteristics like LOD, LOQ, and extraction efficiency R^E^ (%) for detected analytes using both methods are given in [Table 2](#j_jvetres-2018-0026_tab_002){ref-type="table"}.

###### 

Method performance characteristics (n = 3) and detected concentrations of Enniatin B. Results were corrected for the recoveries

  Analyte        Fortification   Apparent recovery                                                    LOD      LOQ      Concentrations detected (μg/kg)            
  -------------- --------------- -------------------------------------------------------------------- -------- -------- --------------------------------- -------- --------
  Aflatoxin M1   0.05            86.2 (9.9)[^\*^](#j_jvetres-2018-0026_fn_004){ref-type="table-fn"}   0.0044   0.0088   \-                                \-       \-
  Enniatin B     0.1545          74.4 (3.3)                                                           0.0025   0.0049   0.0055                            0.0121   0.0078

Extraction efficiency RE (%)

**A mini survey for the presence of fungal metabolites in sheep milk** Ruminants are more resistant to mycotoxins than monogastric animals, as the rumen microbes can degrade or metabolise some mycotoxins. Despite this barrier, the surveys of the mycotoxins in ruminants' milk demonstrate that under special conditions the presence of fungal metabolites in milk is possible ([@j_jvetres-2018-0026_ref_011]). Even if the presence of AFL M1 has been of the most concern in milk since the 1960s, many other mycotoxins have been found in grains, feeds, and especially silage (personal experience). One of the groups of mycotoxins to cause concern are the trichothecenes, which are modified forms of mycotoxins produced by *Fusarium* species. This group includes among others, T-2 and HT-2 toxins, deacetoxyscirpenol (DAS), deoxynivalenol (DON), 3 -acetyldeoxynivalenol (3-AcDON), 15-acetyldeoxynivalenol (15-AcDON), and ruminant metabolite deepoxy-deoxynivalenol (DOM-1), fumonisins (FUMs, FB1, FB2, FB3), zearalenone (ZEN), which is metabolised in ruminants to α-zearalenol (α-ZEL) and β-zearalenol (β-ZEL), α-zearalanol (zeranol) (α-ZAL), and β-zearalanol (taleranol) (β-ZAL) ([@j_jvetres-2018-0026_ref_023]). Due to possible contamination with a huge diversity of metabolites ([@j_jvetres-2018-0026_ref_020]) and subsequent risk of metabolite carry-over to milk, we decided to screen the sheep milk for the presence of all the metabolites currently included in the method.

Enniatins (ENNs) A, A1, B, and B1 are structurally related mycotoxins produced by various *Fusarium* species which invade and grow on crops and may produce these toxins under moist and cool conditions. They occur as contaminants mainly in cereals, such as wheat, barley, and maize, but also in oats, rye, and rice ([@j_jvetres-2018-0026_ref_025]). ENNs are called "emerging mycotoxins" as their occurrence is progressively increasing in food and feed and there is great concern about their presence worldwide ([@j_jvetres-2018-0026_ref_026]). The data submitted to EFSA by 12 European countries indicated a high correlation between the four enniatins in cereal grain samples collected between 2000 and 2013 ([@j_jvetres-2018-0026_ref_004]). It is also expected that they may co-occur with other *Fusarium* metabolites, like deoxynivalenol (DON), moniliformin (MON), and fumonisins (FUMs).

In the current study, only one of the ENNs A, A1, B, and B2 was detected in raw sheep milk. The presence of ENN B was determined in 18 out of 20 tested samples, with the average concentration of 0.0078 ± 0.0017 μg/kg. No data on the presence of the ENNs in raw sheep milk are available for comparison. In general, sheep are considered to be the most resistant ruminants to mycotoxins ([@j_jvetres-2018-0026_ref_027]). On the other hand, although the rumen microbiota can degrade mycotoxins, some of them exert strong antimicrobial activity (*e.g*. enniatins, beauvericin) and thus may modify the rumen flora. If the degrading capacity is diminished, it may lead to unexpected passage of toxins ([@j_jvetres-2018-0026_ref_011]). Even though the transfer of mycotoxins to milk is generally low, the blood-milk barrier may be also affected, *e.g*. by changed pH relationship between blood plasma and milk. In a healthy animal, the pH of milk is lower than the plasma pH, while in a diseased animal the pH of milk equals or exceeds the blood plasma pH. This may modulate the rate of transfer and facilitate the excretion of mycotoxins that are not expected in milk.

In the literature, the most studied mycotoxin in milk is AFL M1, which has the highest potential to be carried over to milk. It should be detectable in sheep milk 6 h from the first consumption of aflatoxin B1 (AFL B1)-contaminated feed ([@j_jvetres-2018-0026_ref_021]), and this route of excretion is the only one possible. Human exposure to this toxin *via* the consumption of contaminated milk of different ruminant species has also been widely studied. In raw sheep milk surveys conducted during the recent years have demonstrated AFL M1 presence with contamination and concentration depending on the geographical location (*e.g*. at the level of 28.1 ± 13.7 ng/L in Iran in 2010 ([@j_jvetres-2018-0026_ref_022]), 118.6 ± 114.2 ng/L in Croatia (goat and sheep raw milk) in 2013 ([@j_jvetres-2018-0026_ref_002]), 3.33 ± 0.09 ng/L in Lebanon in 2014 ([@j_jvetres-2018-0026_ref_015]), and 5.11 ± 0.21 ng/kg in Croatia, in 2016) ([@j_jvetres-2018-0026_ref_003]). Moreover, in Iran in 2011 ([@j_jvetres-2018-0026_ref_010]) and 2016 ([@j_jvetres-2018-0026_ref_001]), 25% and 26.9% of the samples, respectively exceeded the EU limit set at 50 ng/kg. In the current study the presence of AFL M1 in raw sheep milk was not detected, which concurs with the results of the National Control Programme in Poland. This is due to two reasons, the first of which is -- climatic conditions in Poland are not favourable to AFL B1, and the second is that -- an efficiently functioning feed control programme prevents highly contaminated feeds from entering the market.

Summing up, in Poland, there was no high level exposure to fungal metabolites jeopardising consumers of sheep milk during the sample collection period.
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